gery and reconstruction was 5.2 years. Types of infected bone were artificial bone (n ¼ 19) and autologous skull (n ¼ 6). The soft tissue augmentation was performed using latissimus dorsi myocutaneous flap (n ¼ 14) and anterolateral thigh flap (n ¼ 10). The infection sites were the frontal (n ¼ 13), temporal (n ¼ 4), parietal (n ¼ 4), and occipital regions (n ¼ 4). Bone defects included the frontal sinus in all patients who had infections in the frontal region. The patients who had infections in non-frontal region received multiple surgeries (n ¼ 7). Nine patients received secondary cranioplasty using custom-made hydroxyapatite block. Conclusion To achieve good results during soft tissue augmentation, the cause of infection should be eliminated.
atrophy. Some authors have reported successful scalp reconstruction using free flap transfer. [14] [15] [16] [17] Free flap transfer is useful for patients with large scalp and soft tissue defects. To perform secondary cranioplasty safely, the cause of infection should be preoperatively eliminated. We believe performing soft tissue augmentation using free flap transfer before performing secondary cranioplasty is very effective. A few reports have analyzed the causes of skull infection and ways of preventing them. In this report, a retrospective study was conducted to evaluate the causes of neurosurgery, infected sites, materials used, complications, and outcomes of soft tissue augmentation, duraplasty, and cranioplasty. We also described the benefits of soft tissue augmentation using free flap transfer.
Methods
This study included 24 patients (14 men and 10 women) who underwent free tissue transfer for artificial or autologous bone exposure due to infection between April 2000 and December 2017. The mean duration between primary cranioplasty and our surgery was 5.4 AE 7.3 months (range: 1 week-27 years). Patient details are shown in ►Table 1. To evaluate the causes of skull infection, patients were divided into two groups according to the location of infection (frontal group and non-frontal group).
Surgical Technique: First Stage
Surgery was performed under general anesthesia by oral intubation. The incision was made at the scar of the last neurosurgery. The scalp flap was spared as much as possible. The scalp flap, infected bone, surgical plates, and screws were removed completely. All synthetic materials, autologous bone grafts, and nasal mucosa in the frontal sinus were removed. The superficial temporal artery and vein were dissected. The bone defect size was measured, and then, the flap size was decided. Skin paddle should be larger than the bone defects even in patients who had small skin defects. The flap size was increased if the bone defect included the frontal sinus. In patients who had infection of the dura or artificial dura, they were also removed. In addition, the fascia lata or vascularized fascia along with the anterolateral thigh (ALT) flap was used for the reconstruction of the dura. Dural reconstruction was performed before flap fixation. The skin flap was fixed temporarily, and vascular anastomosis was performed. The artery and vein of the vascular pedicle were anastomosed in an end-to-end fashion using 9-0 nylon sutures to the superficial temporal artery and vein. After anastomosis, the separation of the nasal cavities from the intracranial cavities was performed using the skin paddle of the flap. The flap was de-epithelized except for the region of scalp flap defect. The flap was covered with the scalp flap and fixed. A suction drain was placed under the scalp flap.
Surgical Technique: Second Stage
We performed secondary cranioplasty for patients who opted to receive it. Secondary cranioplasty was performed after all abscess formation or ulceration of scalp were not observed. Surgery was performed under general anesthesia by oral intubation. Before secondary cranioplasty, a tissue expander was inserted for patients who had a lack of scalp tissue. The custom-made hydroxyapatite (HA) block was used as an implant. The scalp or forehead flap was elevated with the free flap that had been transferred in the first stage. The HA block was fixed to the cranial defect and covered with the scalp flap. Suction drains were placed under the scalp flap.
Statistical Analysis
For our patients, differences in age, the size of bone defect, and the duration of preoperative infection between the frontal and non-frontal groups were analyzed by MannWhitney's U test. The ratios of the causes of primary neurosurgery, primary cranioplasty, and primary duraplasty between the frontal and non-frontal groups were evaluated using a chi-square test or Fisher's exact test. All calculations were performed using statistical software (SPSS, IBM Japan, Tokyo, Japan), and p < 0.05 was considered significant.
Case Report Case 1
A 32-year-old man underwent lateral craniotomy and duraplasty using polytetrafluoroethylene (PTFE) for a subarachnoid hemorrhage. The patient received primary cranioplasty using polymethylmethacrylate (PMMA). However, 2 weeks later, the patient had phlegmon in the temporal region of the scalp. The skull made from PMMA was removed. However, an abscess arose from the artificial dura. One year after the removal of the PMMA skull, the patient was referred to our department; he presented with a skin defect and exposure of the artificial dura (►Fig. 1). The defect of the scalp contained mastoid cells. Debridement, removal of the PTFE dura, and duraplasty using the fascia lata were performed. Soft tissue augmentation was performed using the latissimus dorsi myocutaneous (LDMC) flap (►Figs. 2 and 3). A 15 Â 12-cm LDMC was harvested from the right side. The thoracodorsal artery and vein were anastomosed to the superficial temporal artery and vein. Seven months after soft tissue One year after the removal of the artificial skull, the patient was referred to our department; he presented with a skin defect and exposure of the artificial dura. augmentation, secondary cranioplasty was performed using HA (►Fig. 4). Four years after secondary cranioplasty, recurrence of the exposure of HA was not observed (►Fig. 5).
Case 2
A 40-year-old man received a severe contusion of the frontal region (►Fig. 6) and underwent debridement and removal of the frontal bone. Six months after debridement, cranioplasty was performed using PMMA. However, 1 month after primary cranioplasty, an infection was observed in the forehead region, and he was referred to our hospital (►Fig. 6). Debridement and soft tissue augmentation were performed using ALT (15 Â 9 cm). The defect of the skull contained the frontal sinus (►Fig. 7). The separation of frontal sinus was also performed using ALT (►Fig. 8). Recipient vessels were the left superficial temporal artery and vein. Six months after soft tissue augmentation, secondary cranioplasty was performed using HA (►Fig. 9). Five years after secondary cranioplasty, recurrence of the exposure of HA was not observed (►Fig. 10). 
Results
The indications of primary neurosurgery were intracranial hemorrhage in 12 cases: brain tumor in 7 cases and trauma in 5 cases. The locations of the infected bone were the frontal region in 13 cases, temporal region in 4 cases, parietal region in 4 cases, and occipital region in 4 cases. The mean bone defect size was 67.2 cm 2 (range: 25-120 cm 2 ). Primary cranioplasty was performed using PTFE in 18 cases, autologous skull in 5 cases, and HA block in 1 case. Primary dural reconstruction was performed using the fascia lata in 15 cases, expanded PTFE in 7 cases, and polyglycolic acid in 2 cases (►Table 1). LDMC and ALT were used for soft tissue reconstruction in 14 and 10 cases, respectively. Sixteen dural reconstructions were performed using the free fascia lata (n ¼ 11) or the fascia lata with ALT (n ¼ 5). Secondary cranioplasty using a custom-made HA block was performed in nine cases. The mean duration between soft tissue augmentation using free flap transfer and secondary cranioplasty was 7.1 AE 1.1 months (range: 6-11 months). The mean follow-up period of patients who received secondary cranioplasty was 8.7 AE 2.1 years (range: 5-12 years) (►Table 2).
Statistically, no significant differences were observed between the frontal group (n ¼ 13) and non-frontal group (n ¼ 11) regarding gender (p ¼ 0.095), age (p ¼ 0.503), size of defect (p ¼ 0.943), cause (p ¼ 0.693), material of primary cranioplasty (p ¼ 0.170), or material of primary duraplasty (p ¼ 0.160). The percentage of patients whose bone defect included sinus or air cells was significantly higher in the frontal group than in the non-frontal group (p < 0.001). Conversely, the percentage of patients receiving more than two neurosurgeries Fig. 7 The defect of the skull contained the frontal sinus. Fig. 8 Debridement, soft tissue augmentation, and separation of frontal sinus were performed using anterolateral thigh flap. Fig. 9 The secondary cranioplasty was performed using custom-made hydroxyapatite block. before our surgery was significantly higher in the non-frontal group than in the frontal group (p ¼ 0.008) (►Table 3).
Discussion
Skull infection after neurosurgery occurs in approximately 1.1 2 to 8.1% of all patients. 7 These patients often suffer from epidural abscesses, meningitis, or stubborn fistulas and have to have the infected bone removed. Some authors have examined the results of secondary cranioplasty and have reported an $10% rate of bone infection after secondary cranioplasty. 6 Fong et al suggested that preoperative radiation, preoperative infection, and poor soft tissue coverage increased the risk of infection after secondary cranioplasty.
6
In our study, the causes of infection after cranioplasty differed depending on the location of the cranial defect. In the frontal group, improper treatment of the open frontal sinus often caused the infection and exposure of the skull. Conversely, in the non-frontal group, multiple neurosurgeries often caused skull infection and exposure. Our results suggested that eliminating the cause of infection is a key to successful secondary cranioplasty.
Some authors have reported successful scalp reconstruction using the local flap. Ransom and Jacono performed scalp reconstruction using the bilateral scalping and rotation advancement flaps.
9 Scalp reconstruction using the single rotation flap, 10 V-Y advancement flap, 11 and double scalping flap 12 has also been reported. These procedures are very useful in patients whose general condition is unstable. However, such patients are often left with many long scars (►Fig. 11). Atrophy of the scalp and soft tissue was observed in our cases. It would be very difficult to perform secondary cranioplasty for such cases. 13 We felt the need for the augmentation of the scalp using well-vascularized tissue. Free muscle flap transfer is a useful procedure for scalp reconstruction; it employs the use of LDMC, 14,15 rectus abdominis muscle flap, 16 and vastus lateralis muscle flap, 17 which are known as workhorse flaps. Muscle flaps contain rich vascular network and are easy to harvest. However, postoperative atrophy of muscle flaps has been reported.
18-20
Sakamoto et al evaluated postoperative changes in muscle cutaneous flap volume and reported that the volume of the muscle was significantly decreased at 12 months postoperatively. 18 The thinning of the flap may lead to scalp exposure.
Scalp reconstructions using the perforator flap, 21,22 the fasciocutaneous flap, 23 and the fascial flap 24 have also been reported.
We used the LDMC and ALT rather than the muscle flap for soft tissue augmentation. These flaps are easy to harvest, and >10- cm-wide flaps can be harvested. All our cases showed scalp and soft tissue atrophy preoperatively. Four of the 11 patients in the non-frontal group received more than three neurosurgeries. In our cases, scalp and forehead skin was spared as much as possible, and the scalp flap or forehead flap was elevated gently. Moreover, our flaps were larger than the bone defects even in patients who had small skin defects. The flap was transferred to the bone defect, de-epithelialized, and then covered with the scalp or forehead flap.
Yoshioka reported the importance of the separation of the frontal sinus.
14 Therefore, frontal sinusitis may lead to the infection of the cranioplasty site. All patients in the frontal group showed frontal sinus exposure and frontal sinusitis. The separation of the intracranial cavity from the nasal space was required in all frontal-group patients. Several authors have reported the usefulness of the pericranial and galealpericranial flaps for the separation of the nasal and intracranial cavities. 25, 26 In our cases, an incision was made on the superficial artery during neurosurgery, and we could not confirm its patency in the peripheral region. Free flap transfer was useful in such cases as it allowed for the separation of the nasal and intracranial cavities using a part of the flap. To perform secondary cranioplasty, the forehead flap or scalp flap was elevated with the soft tissue of the free flap. In our cases, the mean interval between soft tissue augmentation and secondary cranioplasty was 7.8 months. There is no guideline on how long one should wait to undergo secondary cranioplasty after the elimination of infection. Some authors have reported that the interval should be approximately 3 to 12 months.
14,27 In our cases, six patients received secondary cranioplasty. Yoshioka performed cranioplasty within 3 months of debridement. 14 Conversely, we performed secondary cranioplasty more than 6 months after soft tissue augmentation. In addition, we inserted a tissue expander 7 months after soft tissue augmentation for two patients. In this report, we could not investigate the ideal interval between soft tissue augmentation and secondary cranioplasty. We believe further study is needed in this regard. In our cases, a custom-made HA block was used for secondary cranioplasty. HA is commonly used for cranioplasty. 28 Reddy et al reported that there were no significant differences in the rate of postoperative infection between autologous bone and other materials including HA. 29 Some authors have reported that HA was more beneficial than titanium in terms of the infection rate and the neurological outcome, [29] [30] [31] and HA block also exhibited good osteoconduction and biocompatibility. [29] [30] [31] [32] In our cases, no case had exposure to or infection of HA even after an 8.7-year follow-up period. Reddy et al reported one-stage reconstruction of soft tissue and skull composite defects using LDMC with vascularized rib grafts. Rodriguez et al reported skull reconstruction using a fibra bone flap. 33 Cranioplasty using these flaps is also useful. However, flap setting and vein grafting are sometimes difficult. To avoid these difficulties, we performed cranioplasty after soft tissue augmentation. We performed soft tissue augmentation and dural reconstruction for 16 patients. In our cases, all 16 patients had epidural abscess and capsule formation after the removal of the infected dura. Hata et al reported that additional dural reconstruction is not required for such patients. 34 However, we performed dural reconstruction because our patients had cerebrospinal fluid leakage. Five of 16 patients had severe abscess. To prevent from postoperative subdural infection, we performed free ALT flap transfer with the vascularized fascia.
Erickson et al reported that a closed suction-irrigation system could save the infected bone. 35 However, we removed all the infected bone because the removal of infected bone is considered the standard treatment. There is no guideline on whether fascia should be vascularized or whether infected materials should be removed. We believe further study is required in this regard.
Conclusion
To achieve good results during soft tissue augmentation, the cause of infection should be eliminated. The separation of frontal sinus or air cell and soft tissue augmentation using free flap is effective for the secondary cranioplasty.
